Abstract. Low shear stress (LSS) is a well-established risk factor resulting in endothelial apoptosis and atherosclerosis. Autophagy has been reported to be involved in the development of atherosclerosis. However, whether autophagy participates in LSS-induced atherosclerosis remains unclear. The effect of autophagy and its association with apoptosis, in the development of atherosclerosis, remains controversial. Therefore, in the present study, the level and role of autophagy in human umbilical vein endothelial cells (HUVECs) exposed to LSS was examined. The results revealed that LSS increased the formation of autophagosomes and MAP1 light chain 3-like protein (LC3) puncta (as demonstrated by transmission electron microscopy and immunofluorescence), and the protein levels of Beclin-1 and LC3II decreased the expression of p62 [as revealed by western blot analysis (WB)]. Furthermore, the level of p62 decreased when autophagy was induced by rapamycin, and increased when autophagy was inhibited by chloroquine (CQ), which indicated that LSS may serve an important role in inducing autophagy flux. In addition, it was observed that HUVECs treated with LSS underwent apoptotic death, by monitoring the rate of apoptosis and the expression of apoptosis regulator BAX (Bax) and apoptosis regulator Bcl-2 (Bcl-2) (by flow cytometry and WB) and the LSS-induced apoptosis in HUVECs, that was significantly alleviated by pretreatment with rapamycin, partially via a decrease in the level of Bax and an increase in the level of Bcl-2. Pretreatment of HUVECs with CQ markedly increased LSS-induced apoptosis, which was associated with an increased expression of Bax and a decreased expression of Bcl-2. In conclusion, the results of the present study indicate that LSS increases the level of autophagy, which may be through a Bcl-2/Beclin-1-dependent mechanism, which serves a protective role against LSS-induced apoptosis.
Introduction
It is well-known that atherosclerosis preferentially occurs at sites where the blood flow is slow or disturbed, and where the wall shear stress is low or oscillatory (1) . Studies have demonstrated that low shear stress (LSS) or oscillatory flow [0-4 Dyne (dyn)/cm 2 ), promotes an atherogenic endothelial phenotype with increased endothelial cell proliferation and apoptosis (2) , which destroys the endothelium barrier, and initiates an inflammatory response, causing oxidized low-density lipoprotein accumulation in the artery wall and therefore, progression of atherosclerosis (3) . The causative association of LSS with atherosclerosis has been demonstrated (4) . LSS is a well-established risk factor resulting in atherosclerosis, and LSS is critically important in regulating the vascular physiology and pathology of the vessel walls, by modulating the endothelial cell function (5) . However, the detailed molecular mechanisms underlying LSS-induced atherosclerosis remain unclear.
Autophagy is a highly regulated process, that may be involved in the turnover of long-lived proteins and organelles, and may help cells survive in an unfavorable environment (6) . Parts of the cytoplasm and intracellular organelles are sequestered within characteristic double-membrane autophagic vacuoles (known as autophagosomes) and are ultimately delivered to lysosomes for bulk degradation. Previously, increasing evidence revealed that autophagy is involved in the pathogenesis of atherosclerosis, stimulated by oxidized lipids, inflammation or metabolic stress (7, 8) . However, it is unclear whether autophagy participates in the molecular mechanism underlying LSS-induced atherosclerosis. Furthermore, the role of autophagy, either protective or detrimental, in human umbilical vein endothelial cell (HUVEC) death induced by LSS is also poorly understood. In the present study, it was examined whether LSS was able to induce activation of autophagy in HUVECs, and the contribution of autophagy to cell apoptosis and survival under LSS was evaluated. Cell culture. The HUVECs were cultured in high-glucose DMEM supplemented with 10% FBS, in a 95% humidified incubator, with 5% CO 2 at 37˚C. For all of the experiments, HUVECs in passage 3 were used.
Materials and methods

Reagents
Shear stress experiment. The flow experiments were performed as previously described (9) . A parallel-plate flow system was used to impose a laminar shear stress of 1.5 dyn/cm 2 . The system was maintained at 37˚C and ventilated with 95% humidified air containing 5% CO 2 . 
Transmission electron microscopy (TEM).
Cells were seeded at a density 2x10 5 cells/well and fixed in 2.5% PBS glutaraldehyde at 4˚C for 1 h. Post-fixation was performed in 1% OsO 4, for 1 h. The cells were dehydrated in an ethanol gradient and embedded in Araldite (Huntsman Co., Ltd., Salt Lake City, UT, USA). Sections (40-60 nm) were placed on a grid (200 mesh) and were double-stained with uranylacetate and lead citrate. The sections were observed under a Philips CM-120 TEM.
Immunofluorescence. The cells were fixed with 4% paraformaldehyde, permeabilized with 0.2% Triton X-100, blocked with 5% non-fat milk for 2 h at room temperature, incubated with LC3antibodies (1:100) overnight at 4˚C and stained with DAPI for 1 h, followed by incubation with FITC-conjugated secondary antibody (1:80, cat. no. ZF-0311, Beijing Zhongshan Golden Bridge Biotechnology Co. Ltd., Beijing, China), immunoglobulin G, for 2 h. The images of the cells were captured using a fluorescence microscope (Leica TCS SP5). To quantify autophagic cells, LC3 puncta were determined in triplicate by counting >30 cells.
Western blotting (WB)
. WB was performed as previously described (10) . Briefly, cells were washed twice with ice-cold PBS and lysed in ice-cold Western and IP cell protein lysis buffer (Beyotime Institute of Biotechnology, Shanghai, China) containing 20 mM Tris (pH 7.5), 150 mM NaCl, 1% Triton X-100, supplemented with 1% (v/v) protease inhibitor cocktail and phenylmethanesulfonyl fluoride (Beyotime Institute of Biotechnology). The extracts were incubated on ice for 30 min, centrifuged at 12,000 x g for 10 min at 4˚C and the supernatants were collected. Protein concentrations were determined with a BCA Protein Assay kit (Beyotime Institute of Biotechnology), and total protein (20 µg) was separated by 10-12% SDS-PAGE, and transferred to nitrocellulose membranes. The membranes were blocked with 5% non-fat milk for 2 h at room temperature and incubated overnight at 4˚C with antibodies specific for Beclin-1 (1:600), LC3 (1:1,000), p62 (1:800), Bax (1:500), Bcl-2 (1:500), and β-actin (1:1,000), followed by incubation with goat anti-mouse or goat anti-rabbit IR-Dye 680 or 800cw labeled secondary antibodies (1:10,000) for 1 h at room temperature. Membranes were scanned using a Li-Cor Odyssey scanner. Each band of interest returned near-infrared fluorescent values of raw intensity with intra-lane background subtracted using Odyssey 3.0 analytical software (Li-Cor Biosciences).
Statistical analysis. All of the data were representative of at least three independent experiments and were expressed as the mean ± standard deviation. Statistical analyses were performed using one-way analysis of variance, followed by the Student-Newman-Keuls test. P<0.05 was considered to indicate a statistically significant difference. The statistical analysis was performed using SPSS software (version 18.0; SPSS, Inc., Chicago, Il, USA).
Results
Cell morphological and viability changes of HUVECs.
Increased LSS-only treatment times led to a gradual reduction in cell viability, with cell shrinkage and easy detachment from the coverslip compared with static cells (Fig. 1A-E) . Treatment with rapamycin alone exhibited no effect on the morphology of HUVECs in static condition (Fig. 1F) , whereas treatment combined with LSS effectively attenuated the cell injury induced by LSS and preserved the shape of the HUVECs compared with LSS group at the same time point (Fig. 1G-J) . Treatment with CQ alone had no influence on the morphology of HUVECs in static condition (Fig. 1K) , whereas CQ+LSS treatment exacerbated cell shrinkage and the cells detached more easily from the coverslip compared with LSS-only group at the same time points (Fig. 1L-O) .
Effects of LSS, LSS+RAPA and LSS+CQ on cell apoptosis of HUVECs.
Flow cytometry analysis demonstrated that LSS-only treatment resulted in a significant increase in apoptosis in a time-dependent manner ( Fig. 2A-a and B) . Rapamycin treatment reduced the pro-apoptotic effect of LSS treatment in HUVECs compared with the control and LSS-only group at the same time points ( Fig. 2A-b and B) . In addition, CQ led to a significant increase in the later apoptotic cell population and an increase of the early apoptotic cell population compared with the control and LSS-only groups at the same time points (Fig. 2A-c and B) . 
Autophagy and apoptosis-associated protein levels changes in HUVECs treated with LSS, LSS+RAPA or LSS+CQ.
Beclin-1, LC3 and p62 proteins are reliable markers for autophagy (Fig. 3) . In the present study, the level of Beclin-1 and conversion of LC3I into LC3II were markedly increased, whereas the levels of p62 decreased in the HUVECs treated with LSS for 0.5, 1, 2 and 3 h compared with control ( Fig. 3A  and D-F) . Rapamycin treatment significantly increased the level of Beclin-1 and the conversion of LC3I into LC3II (Fig. 3B, D and E) ; however, the protein expression of p62 was reduced compared with the control and LSS-only groups at the same time points (Fig. 3B and F) . LSS+CQ treatment resulted in a significant increase of Beclin-1 expression and the LC3I to LC3II ratio compared with control and LSS group at the same time point (Fig. 3C-E) . It also increased p62 expression in HUVECs compared with LSS group at the same time point; however, the p62 expression following LSS+CQ treatment was lower compared with CQ only treatment ( Fig. 3C and F) . Bcl-2 and Bax are important members of the Bcl-2 family which have an important role the regulation of apoptosis. In the present study, the expression of Bcl-2 was downregulated and the expression of Bax was upregulated in the LSS treatment group compared with the control group (Fig. 3A, G and H) . Compared with RAPA treatment alone, LSS+RAPA treatment for 0.5, 1, 2 and 3 h significantly decreased the Bcl-2 levels ( Fig. 3B and G) and increased the Bax levels ( Fig. 3B and H) . However, compared with LSS groups at the same time points, LSS+RAPA treatment significantly increased the Bcl-2 levels ( Fig. 3B and G) and reduced Bax levels ( Fig. 3B and H) . CQ treatment increased the Bax levels and reduced the Bcl-2 levels (Fig. 3C , G and H) compared with control and LSS group at the same time point.
Observation of autophagosomes and lysosomes in HUVECs.
A normal cytoplasm, mitochondria and nuclei and a small number of autophagosomes and lysosomes were observed in the TEM images of the control group (Fig. 4A and B) . HUVECs treated with LSS-only for 1 h exhibited numerous autophagosomes at various stages of development (Fig. 4C-E) .
In addition, the treatment with LSS induced extensive formation of LC3 puncta compared with static cells, as determined by LC3 immunofluorescence staining (Fig. 5A-a, -b and B). Pretreatment with rapamycin significantly increased the formation of the LC3 puncta in HUVECs (Fig. 5A-c, -d and B) compared with control and LSS-only group. Pretreatment with CQ resulted in a significant accumulation of LC3 puncta (Fig. 5A -e, -f and B) in HUVECs compared with control and LSS group.
Discussion
In the present study, it was demonstrated that atheroprone LSS conditions were able to induce cell autophagy and apoptosis by regulating the balance of Bcl-2/Beclin-1 and Bcl-2/Bax. The induction of autophagy, by pretreatment with rapamycin, protected the HUVECs against LSS-induced apoptotic cell death. Autophagy inhibition by pretreatment with CQ resulted in elevated apoptotic cell death. With these results, it was concluded that autophagy served an important role in protecting against LSS-induced apoptosis.
Apoptosis is a highly regulated cell death process characterized by cell shrinkage, membrane blebbing, DNA fragmentation and chromatin condensation (11) . It constitutes an initial step in endothelial cell dysfunction, which is an important feature in atherosclerosis (12) . LSS is a well-established risk factor resulting in atherosclerosis, and it serves a critical role in modulating endothelial cell function. Recently, studies indicate that LSS is able to induce endothelial cell apoptosis (13) . Consistent with these previous results, the data from flow cytometry with Annexin-V-FITC/PI dual staining, demonstrated that LSS induced the apoptosis of HUVECs. It is well-known that the Bcl-2 family serves a key role in the process of apoptosis. This family includes anti-apoptotic proteins, including Bcl-2, Bcl-2-like protein 1 and induced myeloid leukemia cell differentiation protein Mcl-1, and pro-apoptotic proteins, including Bax, Bcl-2-associated agonist of cell death and Bcl-2 homologous antagonist/killer (14) . A previous study demonstrated that Bcl-2/Bax ratio is a rheostat which determines the incidence of apoptosis (15) . In the present study, a marked decrease in Bcl-2 and an increase in Bax in HUVECs treated with LSS was observed. This observation suggests that LSS increases apoptosis by regulating the balance between Bcl-2 and Bax.
Autophagy, another type of programmed cell death, serves an important role in a number of physiological and pathological processes, including aging and cardiac ischemia (16, 17) . Studies have demonstrated that endothelial cells exhibit characteristics of autophagy when the cells are exposed to pro-atherogenic factors (18) , which indicates that autophagy may serve a crucial role in regulating the formation and progression of atherosclerosis (7) . Beclin-1, LC3 and p62 have been reported as reliable markers of autophagy (19) . Beclin-1 was originally identified as a Bcl-2-interacting protein, and was shown to be essential to autophagy. Beclin-1 induces autophagy by interacting with certain cofactors to activate the phosphatidylinositol-3-kinase Vps34 (20) . LC3 are essential proteins that regulate the autophagosomal membrane. Under normal conditions, the majority of LC3 proteins present in the cytosol are in the LC3I form. Upon autophagy induction, the cytosolic LC3I form is conjugated with phosphatidylethanolamine and becomes LC3II, which forms a stable association with the autophagosomal membrane (21) . p62 (also known as sequestosome 1) serves as an association between LC3 and ubiquitinated substrates to facilitate autophagic clearance. p62 decreases when autophagy is induced, and accumulates when autophagy is inhibited. Therefore, p62 is used as a readout of autophagic degradation and a marker of autophagy flux (22, 23) . In the present study, an increase in double-membrane autophagosomes by TEM and LC3 puncta was observed by fluorescence microscopy in HUVECs treated with LSS. Monitoring the levels of autophagic proteins revealed an increase in Beclin-1 and LC3II, but an opposite trend in p62 in the LSS-treated HUVECs. Additionally, the level of p62 was downregulated by rapamycin by upregulating the protein level of LC3II. CQ, an inhibitor of autophagy, was able to disrupt the fusion of autophagosomes with lysosomes and suppress the activity of lysosomal acid hydrolases as a weak base, thereby blocking the degradation of autolysosome and accumulating LC3II at a late stage, exhibiting anti-autophagic characteristics (24) . Therefore, CQ up-regulated the level of LC3II and p62 by blocking autophagy. This observation indicated that LSS induced autophagy flux, which in turn proved that an autophagy process was activated by pro-atherogenic LSS.
Although Bcl-2 family proteins were initially characterized as cell death regulators, it has recently become clear that they also control autophagy. A study indicated that autophagy induction correlated with the dissociation of Bcelin-1 from Bcl-2 (25) . In normal, Beclin-1 is bound to Bcl-2 through interaction involving Bcl-2 homology 3 (BH3) domain in Beclin-1 and the BH3 binding groove of Bcl-2 (20) . Phosphorylation of Bcl-2 can lead to Bcl-2 separating from Beclin-1, thereby alleviating the inhibitory effect on Beclin-1 (25) . In the present study, we observed that the LSS treatment induced HUVEC autophagy with decreased Bcl-2 levels and increased Beclin-1 levels, indicating that LSS is able to alter the balance between Bcl-2 and Beclin-1 which may be the mechanism of autophagy induced by LSS.
Although the upregulation of autophagy has been observed in HUVECs treated with LSS in the present study, it is unclear whether the autophagy is protective or detrimental. The cross talk between the autophagic and apoptotic cell death pathways is complex (26) . The theory that autophagy is initiated as a protective response has become accepted (27) . To investigate the effect of autophagy on the LSS-induced apoptosis in HUVECs, rapamycin, a mammalian target of rapamycin (mTOR) inhibitor, was used to induce autophagy. The results demonstrated that rapamycin upregulated the level of autophagy and downregulated the apoptosis rate. Similarly, previous studies demonstrated that rapamycin was able to reduce tert-butyl hydroperoxide-induced apoptosis (28) and mechanical stress-induced endothelial apoptosis (29) . Furthermore, rapamycin upregulated the level of Bcl-2, but failed to inhibit the expression of Beclin-1. This may be due to the fact that inhibition of mTOR promotes Beclin-1 expression and prevents the decreasing of Beclin-1 (30) . To further investigate the association between autophagy and apoptosis induced by LSS, CQ was used to inhibit autophagy and investigate changes in apoptotic cell death. In the present study, with the decreased level of autophagy induced in CQ, the rate of apoptosis in the HUVECs treated with LSS increased significantly. These results are consistent with the data demonstrating that an increased level of autophagy protects HUVECs from LSS-induced apoptosis, whereas a deceased level of autophagy led to increased apoptosis in HUVECs, which suggests that LSS-induced apoptosis is regulated by autophagy. Autophagy serves a protective role in LSS-induced apoptosis.
The results of the present study suggest that LSS was able to induce autophagy through the modulation of Bcl-2/Beclin-1 in HUVECs. Furthermore, it was observed that the cross talk between autophagy and apoptosis contributes to the autophagic protection of HUVECs from LSS-induced apoptosis. Although these results represent an advancement in the understanding of the association between LSS-induced autophagy and apoptosis, additional work is necessary to further characterize the protective effect of autophagy in the progression of atherosclerosis induced by LSS.
